Abstract We have studied 15 catchments supplying freshwater to a French Atlantic coastal lagoon, where increase in nitrogen loads due to agriculture is supposed to have destabilized the ecosystem in the last decades. The catchment is a lowland composed of Pleistocene sands with an average slope of 0.25%. To study the nutrient export in relation to land-use surface waters were sampled bi-weekly between October 2006 and January 2009 and land-use was established by plane photographs and Geographic Information System (GIS). Cultivated pine forests represent more than 80% of the total surface and 7% of the catchment area has been deforested recently. Significant areas of some catchments are used for maize crop. Housing is confined to the coastal zone. Maize and forest crop give a robust signature in terms of nitrate export. In view of modeling the nutrient fluxes, we have established the mean export rate for every land-use: forested parcels, deforested parcels, cultivated surfaces, and housing areas export 45, 93, 2850, and 61 kg N-nitrate km -2 year -1 , respectively. Exports of ammonium, dissolved organic N (DON), and dissolved inorganic P (DIP) could not be related to land use. The mean export is 13, 100, and 0.57 kg km -2 year -1 for N-ammonium, DON, and DIP, respectively. The modeling of nitrogen flux is in good agreement with our measures for the largest catchment, which supplies about 90% of the total continental DIN flux. However, small catchments are more dynamic due to hydrological conditions and the model is less accurate. This work has permitted to complete and unify scattered studies about nutrient cycling in this area. Thus we have established and compared the nitrogen budget of cornfields and cultivated pine forest. We have emphasized that (i) fertilizer use should be reduced in cornfields because they stock between 200 and 6400 kg DIN km -2 year -1 , and (ii) the nitrogen budget in pine forest mostly depends on tree harvesting and symbiotic N-fixation, which is poorly constrained. Export of N by rivers represents a small contribution to the N budget of soils.
Introduction
Littoral ecosystems such as lagoons and salt marshes are some of the most productive environments of the global ocean (Falkowski et al. 1998) . Coastal areas represent 40% of total ocean biologic production, whereas they represent only 10% of oceanic area (Mantoura et al. 1991) . They are powerful biogeochemical reactors and the inner reactions may have global consequences on carbon and major nutrient cycle. About 87% of the Earth's land surface is connected to the ocean by rivers (Ludwig and Probst 1998) and as a consequence, littoral ecosystems receive continental waters, which may be impacted by human activities, and sometimes severely polluted (Billen et al. 2007; Meybeck and Helmer 1989) . Anthropogenic inputs of biologically available N and P into terrestrial landscape in the form of artificial fertilizers through cultivation of N fixing crops, via fossil fuel burning, and waste water have caused the accumulation of excess nutrients in continental ecosystems. One of the common disturbances is eutrophication, which is defined as the enrichment of waters with plant nutrients, mainly phosphorus and nitrogen (Meybeck and Helmer 1989) , primarily nitrogen in marine ecosystems . The trophic imbalance provokes an ecological feedback (Howarth 2008; Smith 2003) , such as plant growth, which results in visible blooms (floating algal mats) and potential toxic microalgae development (Conley et al. 1993) . Decomposition of plant material leads to depletion of oxygen and subsequently fish mortality and decrease in pH. As a global consequence, biodiversity is always reduced because of eutrophication (Galloway 2003) . A recent work has shown that the number of hypoxic zones in the coastal margins is doubling every decade (Diaz and Rosenberg 2008) .
Shallow coastal bays and lagoons are highly sensitive to eutrophication because they are particularly vulnerable to the rapid changes in population and land use occurring in the coastal zone (Duarte 1995; Nixon et al. 2001; Valiela et al. 1998 ). Moreover they are important sites for human activities, such as tourism, food resources production (oysters, mussels, clams, shrimps, fishes, salt), and waste dumping, which make these environments vulnerable. Some of these uses are not compatible. The objective of sustainable management is to derive benefits from such exploitations, without affecting the long-term quality of the environment. In this view, several studies have been performed about the larger French coastal lagoon (Arcachon Bay) and its catchment. It was established that the increase in intensive agriculture and nitrogen fertilizer use might destabilize the Arcachon Bay ecosystem (Auby et al. 1994 ) and macroalgae proliferations was observed during the eighties. Moreover a recent study has highlighted the regression of Zostera noltii meadows (Plus et al. 2010 ) even though these meadows buffer the nutrient loads and limit the eutrophication risk of the Arcachon Bay (De Wit et al. 2001) . As a consequence it was necessary to update the nutrient budget originating from continent.
The first purpose of this study was to obtain for the first time and for the entire catchment the nutrient budget and land-use data. In this view we have studied the dissolved organic and inorganic forms of nitrogen and phosphorus of 15 catchments. We have compared the obtained budget with previous ones (e.g. Auby et al. 1994 ) in order to rely the evolution of the nutrient supply with the eutrophication history of the Arcachon Bay. Secondly, we aim to establish a model of nutrient export based on land-use. The third objective was to compile several partial studies concerning the nitrogen cycle in the Arcachon Bay catchment. This review permitted to establish the nitrogen mass balance in cultivated pine forests and cornfields in order to discuss the sustainability of this cultivation.
Studied site
The Arcachon Bay (44°40 0 N, 01°10 0 W) is a 156-km 2 lagoon located in the French Atlantic coast. The tide amplitude oscillates between 1.1 and 4.9 m. The internal part of the basin emerges at low tide (115 km 2 ). The intertidal zone covers 66% of the surface area. It encloses the largest seagrass meadow of Zostera noltii in Europe (Auby and Labourg 1996) . The catchments are a typical lowland, with an average slope of 0.25%. The catchment has a surface of 3001 km 2 and is drained by the Leyre River and by 15 small streams, which are direct tributaries to the lagoon. The geology of the Arcachon Bay catchment consists of an uniform quaternary sand cover (Legigan 1979) . The aquifer is a multi-layered system, highly connected. The shallow phreatic aquifer is called the ''Sable des Landes''. The water table is not deeper than 3 m and the total thickness does not exceed 25 m. It is formed by a homogeneous sand formation. Its bottom consists of a sandy clay layer. Despite high hydraulic conductivity of sands, the groundwater velocity is less than 50 m year -1 , because of the small slope between 2 and 4% (Rimmelin 1998; Saint Pe 1966) .
Methods
Catchment boundaries, soil occupation, and river discharge Catchments studied have been delimited and detailed by Laplana et al. (1993) . Soil occupation has been determined by remote sensing using map of the French institute IGN and aerial photographs analyzed with the Geographic Information System (GIS) ArcGIS.
The daily water discharge of the Leyre River is provided by the French public institute of regional environment (DIREN). The discharge is measured at a gauging station with an automatic lymnimeter. We use the product of the Leyre River specific discharge by the surface area of the other streams to estimate their discharge. This extrapolation technique can lead to a large error when geology and slope of the catchment change, which is not the case here. The average slope is about 0.25% and the catchment and the aquifer are constituted by a homogenous and thick sand formation (Legigan 1979) . Comparison of the extrapolation techniques with real flow measurement made on two rivers (Leyre and Tagon) in 2005 gave good results. The flow of small rivers could be overestimated by about 30% at the annual scale. Flood and low water level are more dynamic in small catchments and badly estimated by interpolation. However for our study it is a sufficient approximation, because the cumulative flow of all the small rivers represents 22% of the Leyre River flow.
Sampling
We have studied the 15 streams of the Arcachon Bay catchment. The sampling stations were located near the river mouth but upstream the dynamic estuary to exclude marine influences. The sampling frequency was at least two samplings per month and up to four samplings per month in the three main streams (Leyre, Cires and Milieu) . This choice permits to have a proper representation of meteorological events and seasonal contrasts linked to soil occupation in farming catchments. The year 2007 was a complete sampling year, and 2008 was limited to the nine major streams. The sampling provided a continuous series to study annual flows. In addition, the French institutes SIBA and IFREMER supplied data of the Leyre quality from a survey between 1971 and 2008 (Auby et al. 1994 and unpublished data). The sampling frequency was two samplings per month. For inorganic nutrient determination two 12 ml samples were collected near the riverbank using a 50 ml syringe and samples were filtered in situ with 0.20 lm cellulose acetate syringe filters. Filtered samples were stored in polypropylene tubes in darkness at -18°C for a few days before analyses. Samples for organic nutrient determination were filtered on GFF filters and stored in glass tubes at -18°C.
We collected 58 samples of rainwater after each precipitation event during 2008. Rainwaters collector was an opaque bottle fitted with a funnel. Rain waters were collected within few hours after rains using a 50 ml syringe and were filtered with 0.20 lm cellulose acetate syringe filters. Moreover three meteorological stations of Meteofrance covering the entire catchment provided data regarding the daily amount of rainfalls. We used the average of the three stations.
Nutrient analysis
The dissolved inorganic compounds were analyzed colorimetrically for river water and rainwater samples according to standardized techniques. Dissolved nitrates (RNO 3 -= NO 3 -? NO 2 -) were analyzed by Flow Injection Analysis (FIA) according to Anderson (1979) . Precision was ±10% for RNO 3 -. Dissolved phosphate (DIP) and ammonium were measured by colorimetric procedures (Mullin and Riley 1955; Murphy and Riley 1962; Strickland and Parsons 1972) . The precision for these methods was ±5% for DIP and 10% for NH 4
? . Total dissolved nitrogen (TDN) and phosphorus (TDP) were respectively measured as RNO 3 -and DIP after total oxidation by persulfate reagent according to Valderrama (1981) . Dissolved organic nitrogen (DON) and phosphorus (DOP) are the difference between TDN and DIN, and between TDP and DIP, respectively. The error in DON is as high as ±20% because it corresponds to the difference of two values that can be close. The error in DOP may be higher; the values are indicative and are treated as such. Total dissolved N and P were measured on river water samples only.
Annual mean concentrations and annual nutrient fluxes
The annual streamwater flux (Q m ) is an arithmetic mean of the daily streamwater discharge. The annual flux of nutrients supplied by rivers (F S ) is estimated using commonly applied equations (Meybeck and Ragu 1997; Walling and Webb 1985) . First, we calculated the average annual concentration (C m ):
where C i is the nutrient concentration at time i and Q i is the streamwater flow at time i. Then,
where Q tot is the total streamwater discharge during one year. We calculated the annual flow of nutrient supplied by rainfalls (F R ) with the same methods substituting the streamwater flow Q i and Q tot by the rainfalls (P).
Calculation of the export rate Export rates are defined according to the land use and average annual flux. The export rate E i due to the land use i is calculated with the relation
where F i is the average annual flux due to the land use i and S i is the surface area of the land use i.
Since the catchments are heterogeneous, we must progress by stages. First, the nutrient export rate due to forest is calculated from the Aiguemorte catchment because it contains 90% of pine forests, only 3.3% of deforested parcel and no farming area. Secondly, the nutrient export rate due to deforested areas is calculated from the Cassy catchment, which has a significant part of deforested areas (19.3%), no farming, and very few housing areas. For that we have subtracted the nutrient flux due to forest parcels and we have considered that the remaining flux is due to deforested parcels. Similarly, we have calculated the nutrient export rate due to farming parcels by subtracting from deforested and forest nutrient export rate in mixed land use catchments i.e. for Leyre, Cires, Milieu, and Passaduy. The nutrient export rate due to urban area was calculated from the La Teste catchment because it contains 59.8% of urban area and few farming area.
Based on these average export rates, we computed the DIN flux (F c ) defined as F c ¼ RðS i Á E i Þ where S i is the mean surface of the parcel i and E i is the DIN export rate of the parcel i.
Nitrogen mass balance budget
The mass balance budget enables to synthesize scattered data about nitrogen biogeochemistry. Moreover it permits to compare the nitrogen cycle in the both ecosystems, cultivated pine forest and cornfields. The N cycle in agro-ecosystems depends on numerous processes; however, it can be simplified according to Galloway (1998; and Puckett (1999) as: (i) assimilation of DIN from fertilizer, manure, and atmospheric deposition into biomass; (ii) decomposition or mineralization of biomass to ammonium through ammonification and oxidation of ammonium to nitrate through nitrification; (iii) reduction of nitrate to N gas (N 2 ) through denitrification; (iv) conversion of N gas to ammonium by N fixing organisms through N fixation; (v) loss of ammoniac either to the atmosphere by volatilization; (vi) retention of ammonium on cation exchange sites or in clay interlayers; (vii) removal of N in harvested crops and animals; (viii) loss of DIN to ground water and river by leaching and run-off; and (ix) alteration of mineral.
This mass balance is based on data acquired during our survey and data from literature. Inputs of nitrogen due to fertilizer and atmospheric deposition (i) are well known. Atmospheric deposition is provided by the rainwater survey of the present study and the fertilizer use is provided by the French institute of agriculture (AGRESTE). No local data exist about ammonification and nitrification (ii) in these catchments. In the studied zone, maize is cultivated for grain and the both stems and leaves stay in situ after corn harvesting. We consider that this biomass is bioavailable and it is mineralized during the next year and then we estimate the biomass of stems and leaves. The total biomass of cornfield is estimated by the French institute of agriculture (AGRESTE 2000) and Plénet and Lemaire (1999) . Sixty % of nitrogen in maize plant is located in grain and 40% in stems and leaves (Lemaire, personal communication) . In a pine forest environment, we consider that ammonification and nitrification are negligible because vegetation is highly limited under mature pine forestry and pine needles are highly depleted in nitrogen. However, this simplification cannot be applied in deforested areas because ammonification of logging residues is high. In that case Loustau et al. (1999) have estimated the amount of nitrogen in barks. Denitrification (iii) in groundwater under cornfields has been studied by Rimmelin (1998) and De Wit et al. (2005) and the mass balance budget is based on these data. We suppose that denitrification in forest is negligible due to unfavorable environment: low nitrate concentration (Loustau et al. 1999) , and low labile organic carbon (De Wit et al. 2005) . Moreover, denitrification is highly limited in sandy aquifer (Groffman and Tiedje 1989) . Symbiotic and non-symbiotic fixation of nitrogen (iv) has not been studied in this area. Cornfields do not permit high nitrogen fixation, hence we assess the fixation rate from literature in similar environments. In pine forests of the studied catchments, a significant symbiotic fixation is due to gorse Ulex europaeus. We can use a first assessment based on estimated biomass and the natural 15 N abundance method in gorse (Augusto et al. 2005) . Jambert et al. (1997) have studied the volatilization (v) in cornfields and pine forest (Jambert et al. 1994 ) with chambers techniques; we use these data. We consider that sorption (vi) is negligible in both ecosystems because the cationic exchange capacity of soils is very low, estimated close to 1 meq (Canton et al. 2010) . Assessment of nitrogen loss due to harvesting (vii) is based on previous studies. Loustau et al. (1999) have studied pine harvesting and Plénet and Lemaire (1999) have studied maize harvesting. Loss of DIN due to leaching (viii) was estimated in the present study. We consider that mineral alteration (ix) is not a source of nitrogen because soils contains more than 90% of quartz (Legigan 1979) .
Results

Land use
Pine forests (Pinus pinaster) dominate the land use. They occupy more than 80% of the total surface (Fig. 1) . Freshly deforested areas represent 7% of the land use ( Fig. 1 ; Table 1 ). Intensive farming covers significant areas of some catchments. Housing is rather confined to the coastal zone except in the Leyre region ( Fig. 1; Table 1 ). Aiguemorte catchment is dominated by forest (89.5%) and contains a few deforested areas (3.3%) and no farming areas. It defines the export rate of forested parcels. Cassy catchment has a significant part of newly deforested areas (19.3%) and no farming areas. It defines the difference between the export rate of deforested parcels and that of forested parcels. Several catchments (Cires, Leyre, Milieu, and Passaduy) have a significant portion of farming areas and a few housing and deforested areas. They can characterize the export rate of farming parcel by difference with the previous export rates. About 70% of the farming areas are made up of cornfields. Vegetable and flower fields occupy about 30% of farming surfaces (AGRE-STE 2000) . The Ponteil River catchment is dominated by forestry and is characterized by the presence of a 0.4 km 2 domestic waste landfill.
Nutrient concentrations and fluxes
The Table 2 3 kg P in 2007 and 2.9 9 10 3 kg P in 2008. The largest catchment that drains the Leyre River dominates overall in fluxes (90% of the total DIN flux) and water discharge (78% of the total water discharge). However, small catchments present specific fluxes. Catchments with farming areas (Cires, Milieu, Passaduy, Lanton, Renet) export much more nitrate than non-farming catchments (Aiguemorte, Tagon) despite similar water discharge. Nitrate is the main form of DIN and represents between 80 and 98% of DIN (Table 3) The mean precipitation in 2008 was 984 ± 17 mm. The amount of water supplied by rainfall was compared to the stream flow so that an evaporation rate could be defined. The evaporation rate deduced from the Leyre River daily discharge was around 80%, typical of a forestry catchment (Bosch and Hewlett 1982; Vertessy et al. 2003) . The evaporation rate must have been close to 80% in the other studied catchments because the cover is rather similar, except for some of the highly farmed catchments. The average concentrations of nutrients in rainwater deduced from sample analyses and the precipitations are 0.19 mg N l -1 of nitrate, 0.11 mg N l -1 of ammonium and 0.004 mg DIP l -1 . Nutrient budget between 1971 and 2008 based on the monitoring of the Leyre River (Auby et al. 1994) shows changes. DIN concentrations and fluxes increased (Fig. 2c, e) , whereas DIP concentrations and fluxes decreased (Fig. 2d, f) . The interannual nutrient concentration and flux variation was lower than the range of variation between 1970 . Major changes occurred between 1975 . During this period, DIN concentrations and fluxes became more than 3 times higher, from 0.33 to 1.2 mg l -1 (Fig. 2e) , and from 203 to 608 9 10 3 kg-N year -1 (Fig. 2c) , respectively. This change can be directly related to a change in cultivated surface areas in the catchment. From 1970 to present, the surface area assigned to intensive agriculture has continuously increased in the Leyre catchment according to The mean is calculated from 2 years of survey in 15 catchments Biogeochemistry (2012) 107:361-377 367 the data providing by the French agricultural department (Fig. 2a) . Simultaneously, the interannual variability has considerably increased. Since 1995, the increase in DIN concentrations and fluxes is lowered despite an increase in cultivated areas. The highest concentration is that reported for the year 2008. The ratio of rainfalls/water discharge increased during the last 15 years (Fig. 2b) , suggesting a lowering of Leyre water discharge independent of rainfalls. DIP fluxes dropped from 28 to 4.3 9 10 3 kg year -1 . Despite a high variability in concentrations and fluxes, DIP continuously decreased.
Modeling the export rates
The export rates are defined according to the typology based on land-use and summarized in . Based on farmed catchment Leyre, Cires, Milieu, and Passaduy the export rates of cultivated surfaces are 2800, 2900, 2400, and 3300 kg Nnitrate km -2 year -1 , respectively, i.e. a mean of 2850 kg N-nitrate km -2 year -1 . The mean export from forested, recently deforested, and farming areas as deduced from catchment slightly impacted by housing is 13 and 0.57 kg km -2 year -1 for Nammonium and DIP, respectively. The export rates calculated from the La Teste catchment is indicative of a maximum urban area export. Then, urban areas export 100 kg N-Ammonium km -2 year -1 and 8.5 kg DIP km -2 year -1 . The DON export is due to the background concentration and equals to 63 kg N km -2 year -1 . The export rates are used to model the annual DIN flux and to validate the model by comparison with data (Table 3 ). The ratio Fm/Fc is close to 1 in the major part of streams for the 2007 year highlighting a good estimate. Two small catchments (Betey, Gujan) are badly modeled because the DIN source due to urban waste is not included in the calculation and the Ponteil catchment is badly modeled too. In 2008, the model is less exact but the main catchment (Leyre) is well modeled with a Fm/Fc ratio equal to 1.2. Outputs are denitrification, volatilization, sorption, harvest, and export by rivers. The two land-use have a different nitrogen mass balance. Fertilizer and harvest are the main nitrogen fluxes in cornfields, whereas atmospheric deposition, fixation and harvest dominate in forest ecosystem. . White diamonds are data originating from Auby (1991), Laplana et al. (1993) , and Ifremer surveys, and black squares are from the present study . The fixation rate in fields comes from Puckett et al. (1999) , but it is not a value from the area studied here. In cornfields of the Arcachon Bay catchment the volatilization rate comes from Jambert et al. (1997) , the fertilizer use from Agreste (2000), and the denitrification rate from Rimmelin (1998) . In forests, Loustau et al. (1999) estimate the amount of nitrogen assimilated by a 50-years pine forest equals to 50,000 kg N including clear-cutting. This nitrogen is contained in trunks (77%) and in residual parts of trees, mostly barks, or stumps (23%) (Loustau et al. 1999) . As a consequence a 50-years pine forest harvest exports 50,000 kg N. At the catchment scale, we consider that this value can be annualized. Then, pine harvesting exports 1000 kg N km -2 year -1 or 770 kg N km -2 year -1 if residual parts are not collected. We consider that residual parts may be a source of nitrogen by ammonification, i.e. 220 kg N km -2 year -1
. For maritime pine forests, the N-fixation rate from symbiotic gorse presented in the Fig. 3 .The denitrification rate comes from De Wit et al. (2005), the volatilization rate from Jambert et al. (1994) and the fertilizer use from Loustau et al. (1999) and Blanco (1994) . The values are negligible for the balance of nitrogen in forest area.
Discussion
Land use impact on biogeochemistry of the catchments
The nutrient export rate is a function of several environmental parameters including land use (Sobota et al. 2009 ), hydrology (Obermann et al. 2007 ) and climate . The main variable in the overall studied zone is land use and size of the catchments. Climate, precipitation, and lithology are homogeneous. Relationships between land use and the average nutrient concentration show an obvious positive correlation between the percentage of farming area and the average concentration of nitrate (Fig. 4a) . The average nitrate concentration reaches up to 3.5 mg l -1 when farming areas occupy more than 20% of the catchment. Thus, nitrate appears as a strong signature of farming areas. Many studies have demonstrated the role of fertilizers in farming areas as a cause of high DIN export in the water system (Galloway 2003; Garcia-Esteves et al. 2007) . DON concentrations are lower than DIN concentrations and do not correlate with farming area highlighting that fields of the Arcachon catchment export more nutrients as inorganic species. The dominance of DIN versus DON is classically observed for south European regions Fig. 3 Comparison of nitrogen mass balance in two agro ecosystems, cornfield and cultivated pine forest. The dark grey symbolizes nitrogen output and the slight grey symbolizes nitrogen input (Lorite-Herrera et al. 2009 ) whereas north European fields preferentially export nutrients as organic species (Agedah et al. 2009; Stedmon et al. 2006) .
Average ammonium and DIP concentrations are correlated with the percentage of housing areas, with correlation coefficient equal to 0.836 and 0.784, respectively (Fig. 4b, c) . The correlation between ammonium concentration and housing area excludes the Ponteil catchment, which seems to have an atypical behavior (Canton et al. 2010) . Wastewaters of the cities around the Arcachon Bay are collected, treated and flushed out the lagoon. We have observed, however, a slight effect of housing on the quality of streamwaters. It may partially be due to urban runoff. Nevertheless, DIP concentrations are very low in comparison with major French rivers, with 0.025 to 0.047 mg l -1 reported in the Garonne River (Deborde et al. 2007; Muylaert et al. 2009 ) and 0.062 mg l -1 reported for the Loire River (Moatar and Meybeck 2005) . Due to a large amount of iron oxides and humic particles the Landes de Gascogne soils are favorable to DIP sorption (Qualls et al. 2002) . Hence, the DIP export is highly limited.
Wastewaters of the municipalities located upstream of the Leyre River are treated and flushed into the river. Moreover, the wastewater collect of the small littoral catchments is more efficient than those of the Leyre catchment. This may explain the relatively high concentrations of DIP in the Leyre River versus the small littoral catchments. Consequently, DIP and ammonium originate mostly from point sources related to urban area, but the wastewater discharge in the river system is highly changeable.
Pine forests are known to export fewer nutrients than grassland or fields (Benoit et al. 1995; Onderka et al. 2009 ), by limiting runoff and leakage of nutrients. The cultivated pine forest of the studied area does not receive fertilizers, except a phosphorus fertilization before plantation (Blanco 1994) . DON represents up to 65% of the total nitrogen export in strictly non-farmed catchments. This ratio between DON and DIN is frequently observed in forest ecosystems (Hedin and Johnson 1995; Perakis and Hedin 2002 ) except in highly anthropized forests (Campbell et al. 2000) . Dominance of DON export is explained by an efficient denitrification and uptake in riparian zone, which decreases the DIN export (Vink et al. 2007 ) and because riparian zone is a source of DON from root exudation (Hagedorn et al. 2001 ). In the Arcachon Bay catchment, DON concentration does not characterize forested surfaces, because we have observed no correlation between these two parameters (Fig. 4d) . The main part of the studied catchments contain between 70 and 80% of forested area but DON concentrations are between 0.07 and 0.63 mg l -1 and the most often between 0.21 and 0.35 mg l -1 . Then DON should be rather a background concentration of all soil type leaching.
Updating the eutrophication risk of the Arcachon Bay A moderate eutrophication was observed in the Arcachon lagoon during the eighties in late spring and summer (Auby et al. 1994) . The most significant change among primary producers was the development of the allochtonous green algae Monostroma obscurum. The biomass of this macro algae reached 18,000 to 21,000 9 10 3 kg in spring during the eighties and the nineties (Auby et al. 1994) . The proliferation was due to eutrophication of the lagoon and the invasive development of the algae. Moreover, Monostroma obscurum is highly competitive, particularly in P-limiting conditions, and can store nutrients to build resistance during the oligotrophic period (Auby et al. 1994 ). The European projects CLEAN (Coastal Lagoon Eutrophication and Anaerobic Processes, 1996) and ROBUST (the ROle of BUffering capacities in STabilising coastal lagoon ecosystems, 1996-1999) have contributed toward characterizing the origin and effect of eutrophication in the Bay (Castel et al. 1996; De Wit et al. 2001) : the increase in nutrient discharge originating from continent was the major cause of eutrophication. This eutrophication was partially buffered by Zostera noltii meadows and Arcachon Bay sediments, the both acting as sink of nutrient. In addition to the nutrient concentration, the low residual currents favoured eutrophication. The average residence time of water ranges from 12.5 to 15.9 days in the Arcachon Bay (Plus et al. 2009 ). It contrasts, for example, with the bay of Brest, also located in the French Atlantic coast, which is well resistant to eutrophication as the hydrodynamics allows quick dispersion of living matter and nutrients (Le Pape et al. 1996) , despite very high inputs of continental DIN. The residence time of fresh waters makes the Arcachon Bay very sensitive to the change of nutrient fluxes with time. Presently, blooms of macro algae are no longer reported and the primary production is now dominated by the microphytobenthos and phytoplankton (Glé et al. 2007) , and the natural meadows of Zostera noltii (Auby 1991) although, the DIN flux has not decreased since the eighties (Fig. 2c) . However, the DIP flux has decreased (Fig 2d) . It suggests that the past high fluxes of DIP were responsible for the summer blooms. Another point of view is to consider a biological feedback due to the macro algae proliferation, regardless of nutrient input. After a rapid proliferation for years, the introduced species may have found a biological steady state including a regulation due to predation.
Since 1995 the DIN flux has been more or less stable. This is not due to the stabilization of the agricultural surface area. This surface area has continuously increased since 1970 (Fig 2a) , which probably explains a continuously increase in DIN concentrations (Fig. 2e) . The fact is that the Leyre River water discharge has slightly decreased (Fig. 2b) , which may be the reason for the relative stabilization in DIN fluxes. The ratio of rainfalls/water discharge increased during the last 15 years (Fig. 2b) , suggesting a lowering of Leyre water discharge, independent of rainfalls. This low water discharge may be due to cornfield irrigation. DIN fluxes stabilization might be also the consequence of a better control in fertilizer use. The decrease in DIP fluxes and concentrations must be the consequence of wastewater management improvement during these decades. As a consequence the eutrophication risk is probably as high as that during the eighties. The recent regression of Zostera noltii meadows (Plus et al. 2010) , however, may increase the eutrophication risk because these meadows buffer the nutrient loads (De Wit et al. 2001 ).
The quality of atmospheric deposition is more or less constant. The DIN flux in 2008 was 287 kg Nkm -2 year -1 . This represents half the value of the atmospheric DIN flux reported by Auby et al. (1994) but the same order of that reported by Collos et al. (1989) . Despite the high variability, these values are between pristine sites, (Owens et al. 1992 ) and coastal and anthropized areas (Cornell et al. 1995) . The Arcachon lagoon comes under the category of preserved sites but not pristine. Consequently, atmospheric depositions are not a cause of eutrophication of the lagoon at the present time.
Nitrogen mass balance validation and assessment of the durability of maize and pine crop
The export rates are calculated from 1 year of samplings in rivers and analyses. As a consequence, they describe the nutrient export during a short time and may not be applicable for every year. The nitrate export rate due to forest parcel (45 kg N-nitrate km -2 year -1 ) is comparable to the value of 38 kg Nnitrate km -2 year -1 reported for the Tagon catchment (De Wit et al. 2005) . In 2007-2008, the export rate of the Tagon catchment reached 88 kg N-nitrate km -2 year -1 , suggesting that an additional source of nitrate was present in this catchment, probably linked to deforested parcels. Our result suggests that tree harvesting increases the nitrate export (93 kg Nnitrate km -2 year -1 ), as reported for alpine forests (Bäumler and Zech 1999) and temperate forests (Likens et al. 1970) . For instance, the export rate reported for the Hubbard Brook forest was 142 kg N-nitrate km -2 year -1 within 2 years following the deforestation (Likens et al. 1970 ). The export rates of cultivated surfaces are 2800, 2900, 2400, and 3300 kg N-nitrate km -2 year -1 in Leyre, Cires, Milieu, and Passaduy catchments, respectively i.e. a mean of 2850 kg N-nitrate km -2 year -1 . Differences between catchments may be due to the kind and history of farming. Indeed, cornfields dominates the farming areas, but vegetable and flowers fields occupy about 30% of farming surfaces. The DIN export rate certainly depends on this land-use parameter. The size of the watershed should probably also be taken into account. The Leyre catchment is larger than the other catchments: cornfields are located far from the sampling station. As a consequence the Leyre river may loss a part of nitrate by plant uptake or denitrification along the riverbed.
The modeled nitrate flux is in very good agreement with the measured nitrate flux for the Leyre River in 2007 and good in 2008 (Table 3 ). The differences between modeled and measured fluxes are higher for Cires and Milieu catchments. Several authors have demonstrated that nutrient fluxes increases with river discharge due to intensification of runoff and leaching (Dumont et al. 2005; Holloway and Dahlgren 2001; Obermann et al. 2007; Probst 1985; Schaefer et al. 2009 ). The calculated nitrate export rate does not include the variations of stream water discharge. It may explain the difference between 2007 and 2008 particularly in small catchments, because they are more reactive to flood events. The well modeled Leyre River represents 90% of the total DIN flux toward the Arcachon Bay. Therefore the nitrate export rate due to farming parcels is a good approximation for this first nitrogen mass balance.
The mineralization rate may be overestimated because we consider that the total biomass of maize stems and leaves is mineralized. However nitrogen may be lost in refractory organic matter or by grazing. The denitrification rate under cornfields may be overestimated too. Although a high potential of denitrification was measured (Rimmelin 1998 ) the low amount of organic carbon in soils is highly limiting (De Wit et al. 2005) .
Since the different sinks and sources of nitrogen are estimated with large error margins, we discuss several budgets. In cornfields, the maximum nitrogen input is about 31,400 kg DIN km -2 year -1 and the minimum is equal to 27,800 kg DIN km -2 year -1 . The maximum nitrogen output is equal to about 27,600 kg DIN km -2 year -1 and the minimum is equal to 25,000 kg DIN km -2 year -1 . Considering these results cornfields gain nitrogen. The benefit is between 200 and 6400 kg DIN km -2 year -1 . The excess of DIN input may be compensated by storage as organic nitrogen forms. This organic nitrogen is not exported by rivers, as demonstrated above, and may be stored in soil. have observed nitrogen storage in soils, which occurred preferentially during dry years; nitrogen was flushed during wet years. Moreover, we assume that the mineralization rate of leaves and stems of maize is overestimated because a part may be stored. Fixation should be overestimated too because we do not have data from the studied area. Since fertilizer is the main source of DIN and nitrogen is in excess, the fertilizer use should be reduced. DIN export by river represents between 4.8 and 5.4% of the total nitrogen cycle in cornfields and between 3.3 and 4.2% in pine forest. It suggests that cornfields are more impacted by DIN leaching and run-off.
We identify only two sinks of nitrogen in mature pine forest: harvest and river export. Forest harvesting is the major sink of nitrogen but it depends of the fate of barks. . The DIN budget in forest is highly variable because of the wide interval of values for N-fixation rates. Nitrogen outputs are generally higher than inputs. Consequently the cultivated pine forest is not sustainable. However, the N 2 -fixation rate may be underestimated and in situ measurements are needed in order to validate this mass balance.
Conclusion
A detailed study of small catchments enables a mechanistic approach of nutrient dynamics in relation to land use. Such an approach has already been followed in the area considered in this study for the Ponteil and the Tagon Rivers (Canton et al. 2010; De Wit et al. 2005) . Data on nutrient fluxes as well as land use analysis of all the catchments allowed us to provide an estimate of continental dissolved N and P fluxes to the Arcachon Bay and to connect export by rivers to land use.
We emphasize a net impact of land-use on stream water quality. Agriculture is the major source of nitrogen for the lagoon and it has a robust signature on stream water. Farming parcels export 2863 kg DIN km -2 year -1 including 99.5% of nitrate. This average rate permits a good prevision of the DIN flux in the larger catchment (Leyre River) but it is less accurate in smaller catchment due to high interannual variability. It permits to obtain, however, a good assessment of the nitrate flux entering in the lagoon, since the Leyre River represents a total of 90% of the continental DIN flux. The nitrate flux modeling can be improved by the integration of stream water discharge especially in small catchment. We have estimated the nitrate export rate originating from forest parcels and deforested parcels to 45 and 93 kg N km -2 year -1 , respectively. The ammonium and DIP export rates are independent of land-use and equal to 13 kg N km -2 year -1 and 0.57 kg P km -2 year -1 , respectively. Nutrient export by urban area is highly variable depending of the quality of wastewater treatment. DON has a background concentration independent of land-use.
This study completes and unifies several studies. (i) First, it permits to have a long-term view of landuse and nutrient budget change. The nitrogen flux has increased between 1970 and 1995 and it is more or less constant since 1995 because of the decrease in stream water discharge. Thus the increase in irrigation due to maize cultivation limits nitrogen exportation. Of course, this should probably have an unknown impact on the budget of the freshwater in the Arcachon lagoon. The DIP flux has decreased continuously since 1970 due to wastewater treatment improvement. As a consequence the risk of eutrophication of the Arcachon Bay is now reduced in comparison with the eighties. (ii) Secondly, this study permits to establish and compare the nitrogen budget in cornfields and cultivated pine forest. We highlight that the nitrogen management is not optimal in cornfields and the soils store between 200 and 6400 kg DIN km -2 year -1 . Therefore, the fertilizer use should be reduced. The nitrogen budget in cultivated forest emphasizes that the soils may lose nitrogen when harvesting is done every 50 years and if the fixation rate is minimum. However, the nitrogen mass balance highlights a lack of data on nitrogen fixation rate in the two studied ecosystems.
